Introduction
Ejaculated mammalian sperm cells are immature and infertile and must undergo many physiological and biochemical modifications to become fertilization competent. These processes as the acquisition of sperm motility, capacitation, hyperactivation and acrosome reaction occur sequentially inside the female reproductive tract and are considered key functions in the control of the reproduction as well as essential for spermatozoa to become fertile (1) . It is well documented that ionotropic modulation through rapid responses are the main regulators of sperm physiology (2) . However, the presence of a high number of GPCRs described over the last decade in human spermatozoa, suggests that metabotropic mechanisms could also be important in the acquisition of the sperm fertilizing capacity (3) .
The GPCRs are seven transmembrane receptors which represent approximately the 1% of the human genome and are considered to be one of the best therapeutic targets (4) . In somatic cells, the canonical (G-protein dependent pathways) and non-canonical (G-protein independent pathways) are the major signaling pathways initiated downstream GPCRs and have an important role in the regulation of basic cellular activities as well as in the coordination of cell actions. Over the last 20 years, several GPCRs have been described in human spermatozoa providing clear evidences of their involvement in the regulation of sperm fertility (5) (6) (7) (8) (9) . Furthermore, different components from the G-protein dependent transduction pathways such as the cAMP-dependent and the Ca 2+ /PKC signaling cascades have been described to Taking all this into account, the aim of this study was to elucidate the existence of sperm-specific molecular mechanisms of GPCRs signaling in human spermatozoa. For this purpose we combined for the first time phosphoproteomic approaches together with functional analyses in human spermatozoa, by using the kappa-opioid receptor as a study model.
Experimental procedures

Spermatozoa isolation and treatments
Ethical approval for this study was obtained from the Ethics Committee of the University of the Basque Country (CEISH-UPV/EHU (M10/2016/254)). Freshly ejaculated semen was collected from patients undergoing routine semen analysis at the Cruces University Hospital (Bilbao, Spain). The donors had normal sperm parameters according to World Health Organization standards (13) . Semen samples were obtained by masturbation after 3-4 days of sexual abstinence and immediately processed upon liquefaction (at 37 °C for 30 minutes). Spermatozoa were capacitated by the swim-up procedure and resuspended in G-IVF (Vitrolife, Goteborg, Sweden) supplemented with 1% bovine serum albumin for 3 h at 37 °C under 5% CO 2 .
Isolated spermatozoa were treated at 37 °C and 5% CO 2 in G-IVF culture media. The spermatozoa were treated with 1 μM U50488H (the specific agonist of the receptor) (Sigma) for 1 and 60 minutes independently for proteomic and functional analyses.
For functional analyses the samples were co-incubated with U50488H (Sigma-Aldrich) and the different activators and inhibitors of different signaling pathways. To study the calcium signaling pathway we Phosphoproteomics downstream KOR in human spermatozoa 8 12. 5, 14, 15.5, 17.5, 21, 24.5, 28, 31.5, 35, 50 and 70% ACN. Each fraction was loaded onto C18
StageTips. Peptides were eluted with 60% ACN to further continue with mass spectrometry analysis.
Phosphopeptide enrichment and TMT labeling
The 9/10s of the peptides were enriched in phosphopeptides by consecutive incubations with titanium dioxide beads (TiO 2 ). After all the samples were brought to 60% acetonitrile (ACN) and 1% TFA, the beads were added and incubated for 15 minutes rotating. Beads were then transferred to home-made C8 Stage Tips (Empore disc -C8 Agilent Life Science) and washed with 60% ACN/1% TFA.
Phosphopeptides were eluted with 5% ammonia and 25% ACN/10% ammonia and loaded onto C18
StageTips. Peptides were eluted with 60% ACN and subjected to TMT labeling as previously described.
Finally, the samples were analyzed by mass-spectrometry.
Mass Spectrometry Analysis
Acidified peptide mixtures were separated by online C18-reverse-phase nanoscale liquid chromatography and analyzed by tandem mass spectrometry (LC-MS/MS). MS analysis was performed on an Q-Exactive HF mass spectrometer (Thermo Scientific, Bremen, Germany) connected to an EASY-nanoLC 1000 System (Thermo) using a nanoelectrospray ion source (Proxeon Biosystems, Odense, DK).
Survey full-scan MS spectra (m/z range, 300-1700; resolution 60,000 at m/z 400) were acquired in the Orbitrap followed by the fragmentation of the twelve most intense multiply charged ions. 
Bioinformatic Analysis
The Perseus software (v.1.6.0.7) was employed for the calculation of the statistical significance and Fold changes between U50488H-treated and Control samples. In order to identify the U50488H-dependent phosphosites only the data of the quantified phosphosites and proteins were considered and used further. Firstly, the data was normalized to correct the labeling variability and then it was normalized depending on phosphosite reporter ion intensities/protein reporter ion intensities. We considered as U50488H-dependent phosphosites the ones that were consistently regulated presenting a 1. Phosphoproteomics downstream KOR in human spermatozoa 10 The PANTHER (v13.1) functional annotation tool (http://geneontology.org/) was used to detect the overrepresented gene ontology (GO) term "biological process" within the total identified proteins and Class I identified phosphoproteins in human spermatozoa. The Homo Sapiens dataset was used as reference. In order to construct the signaling pathways regulated by the kappa-opioid receptor, GENEMANIA (http://genemania.org/) the interactive functional association network tool was used.
Computer-assisted motility analysis
Human spermatozoa were capacitated and adjusted to a concentration of 50 
Flow cytometry
Acrosome reaction was evaluated by using the anti-CD46 antibody by Flow cytometry. The FACScalibur flow cytometer (Becton, Dickinson, San Jose, CA, USA) was used in order to study the role of the kappaopioid receptor in human sperm acrosome reaction. Spermatozoa were treated with U50488H for 1 and 60 minutes, and the different activators and inhibitors of different signaling pathways. The progesterone (10 µM) was used as an internal control for the acrosome reaction. For the staining of the cells the Fluorescein IsoTioCyanate (FITC) antihuman CD46 antibody (BioLegend, California, USA) (5 µl) was used for 60 minutes at room temperature as acrosome reaction molecular marker. As indicator of cell viability we used 0.1 μg/mL Hoechst 33258 for 2 minutes. Finally, samples were washed twice by centrifugation in PBS at 800 g for 5 minutes, suspended in PBS and kept in the dark until analysis.
Fluorescence data from at least 10.000 alive sperm cells were analysed and the green fluorescence belonging to spermatozoa was measured. Histograms were analysed using the Summit v4.3 software (Beckman Coulter, California, USA).
Western Blotting
For 
Indirect immunofluorescence and confocal microscopy
Isolated human sperm cells were fixed in 4% paraformaldehyde for 10 minutes, permeabilized in 0. 
Measurements of sperm intracellular Ca 2+ concentration
Changes in [Ca 2+ ] i were monitored using the Fura-2 as previously described by Cejudo-Roman et al (15) .
Briefly, spermatozoa were adjusted to a concentration of 10 x10 6 cell/ml in human serum albumin (HSA) medium. They were then incubated with the acetoxymethyl ester form of Fura-2 (Fura-2/AM 8 x 10 -6 M;
Molecular Probes) for 60 minutes at room temperature in the presence of the non-cytotoxic detergent pluronic acid (0,1%; Molecular Probes). After loading, the cells were washed and resuspended in G-IVF solution and used within the next 2-7 hours. Sperm aliquots (1 ml) were placed in the quartz cuvette of a spectrofluorometer (SLM AMinco-Bowman, Series 2; Microbeam, Barcelona, Spain) and magnetically stirred at 37 °C. The emitted fluorescence was measured at 510 nm. To measure [Ca 2+ ] i , samples were alternativelly illuminated with two excitation wavelenghts (340 nm and 380 nm) and the fluorescent light from the two excitation wavelengts was measured by a photomultiplier through a 510 nm filter.
After substracting the autofluorescence signal, obtaining by adding 5 nM MnCl 2 at the end of the experiment, the F340/F380 ratio was used an indicator of [Ca 2+ ] i . The effect of U50488H was studied on sperm aliquots incubated with this peptide at different doses (1 μM). Mibefradil (30 μM) was added to the same sperm aliquots to analyze the effect of U50488H of the mibefradil-induced intracellular calcium level. Progesterone (1 μM) was added to the same sperm aliquots as a control. Calibration of [Ca 2+ ] i was achieved adding Triton X-100 (5%) to obtain the maximal response, followed by the addition of ethylene glycol tetra-acetic acid (EGTA) (40 nM) to obtain the minimal response.
Statistical analysis
Sperm 
Results
Human sperm protein identification
To gain insights into the human sperm proteome, we followed mass-spectrometry (MS) based proteomic and phosphoproteomic approaches in parallel. Isolated spermatozoa samples, untreated or stimulated with U50488H, were divided into soluble and insoluble protein fractions and subjected to the workflow described in Figure 1A . Once we excluded reverse hits and common contaminants and accounting for the reporter ion intensities and number of peptides (≥2 identified peptides and ≥ 1 unique peptides), a total of 5109 proteins were identified of which 5070 were confidently quantified ( Supplemental Table S1 ).
To obtain an overview of the biological functions of the identified proteins, Gene Ontology (GO) analyses were performed using the Panther classification system ( Figure 1B) . The most enriched functions were related to the protein and tRNA transport, metabolic processes, nuclear organization or processes related to sperm function. Specifically, we found a wide variety of proteins associated to protein folding and targeting to different organelles like the mitochondrion, endoplasmic reticulum or the plasma membrane. Moreover, we identified different enzymes involved in diverse metabolic processes like the glycolysis, the citrate catabolism or nucleobase biosynthetic processes which have an important function in the regulation of sperm fertility. Interestingly, in spite of mature spermatozoa are unable to translate genes into proteins, we also observed proteins connected to the nuclear envelope disassembly or those related to gene expression and protein synthesis ( Supplemental Table S1 ).
Furthermore, we detected key proteins for the flagellar movement and sperm-egg recognition, as well as a broad catalogue of testis-and sperm-proteins involved in different molecular functions that are essential for the accomplishment of cell-specific physiological processes. On the other hand, we also identified particular proteins belonging to the GPCR signaling pathway. Although we found only few by guest on March 1, 2019 http://www.mcponline.org/
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GPCRs in our proteomics dataset, we identified a wide variety of participants of the canonical and noncanonical signaling pathways downstream this family of receptors (Supplemental Table S1 ).
Identification of novel phosphosites in human spermatozoa
In order to study the human sperm phosphoproteome, the phosphopeptides belonging to the soluble and insoluble protein fractions were enriched with TiO 2 beads followed by TMT labeling ( Figure 1A ) and
analyzed by MS, yielding a total of 4367 identified phosphorylation sites. Of those, 3527 had a localization probability above 0.75, considered as confident phosphorylated sites (Class I sites), and mapped to 1332 proteins ( Figure 1C ). The 3527 Class I sites comprised mainly serine phosphorylations (pSer, 77%), followed by phosphorylation on threonine (pThr, 17%) and tyrosine (pTyr, 6%) residues ( Figure 1C ). All the proteins containing Class I sites were categorized according to their "biological process" using the Panther classification system ( Figure 1D ). The most enriched biological processes were related to the cilium or flagellum-dependent cell motility, regulation of protein localization to Cajal Body, axonemal dynein complex assembly, sperm-egg recognition, binding to zona pellucida, sperm capacitation, nuclear organization and chaperone mediated protein assembly.
Although some of the phosphosites we identified have already been described and are reported in the PhosphositePlus database as well as in different studies (32) ( Supplemental Table S2 ), we present evidences of a large number of phosphosites (2157) that have not been previously characterized ( Figure   1E ). This information represents a valuable source of novel information to understand the role of phosphorylation events in human spermatozoa. 
U50448H-induced changes in the phosphoproteome of human spermatozoa
To have a better comprehension of the molecular mechanisms underlying GPCR signaling in human spermatozoa we chose the KOR as a study model (Supplemental Figure S1 ). After the addition of its specific ligand, U50488H, we followed phosphoproteomic approaches ( Figure 1A ) to decipher the phosphorylation changes downstream KOR. To unravel U50488H-dependent phosphorylation events, phosphosites with at least 1.5-fold increase or 0.67-fold decrease, and with a significant change of p<0.05, were considered as regulated. Considering these criteria, in the insoluble protein fraction 1 minute U50488H treatment resulted in changes in the phosphorylation levels of five previously undescribed phosphosites belonging to 4 different proteins ( Figure 2A and 2B, Supplemental Table S3 ).
Treatment with the agonist resulted in decrease in the phosphorylation levels of the threonine 147 and the serine 152 of the solute carrier organic anion transporter family member 13 (Thr147/Ser152 SLCO1B3), and in the serine 236 of the A kinase anchoring protein 3 (Ser236 AKAP3), while it led to an increase in the phosphorylation on serine 169 of the protein chiby (Ser169 CBY3) and on the serine 127 of the transmembrane 190 protein (Ser127 TMEM190) ( Figure 2A and 2B, Supplemental Table S3 ). The phosphorylation levels of the human sperm soluble protein fraction, however, remained unchanged following 1 minute treatment with U50488H.
At 60 minutes treatment we detected a single change in the soluble protein fraction, a decreased phosphorylation of the uncharacterized protein C6orf10 (Ser31 C6orf10). In the insoluble fraction, we observed changes in the phosphorylation levels of twenty nine phosphosites belonging to 20 different proteins. It is worth highlighting that 13 of them were sperm-specific proteins and that 19 phosphosites have not been previously reported in neither in human spermatozoa nor in other cells (Figure 2A and 2B, Supplemental Table S3 ).
Intriguingly, U50488H induced changes in the phosphorylation levels of different sperm-specific proteins mainly involved in the regulation of the sperm fertility. Among other, we saw both increase and decrease in the phosphorylation of different proteins related to sperm motility, capacitation and acrosome reaction like AKAP3 and 4, Outer dense fiber protein 1 and 2 (ODF1 and ODF2), Fibrous sheath interacting protein 2 (FSIP2), the family of the coiled-coil domain containing proteins (CCDC18, CCDC136
and CCDC81) and the Calcium binding tyrosine phosphorylation-regulated protein (CABYR). We also detected changes in different residues of the phosphoglycerate kinase 1 and 2 (PGK1 and PGK2) metabolic enzymes and the 26S proteasome non-ATPase regulatory subunit 3 (PSMD3), involved in protein degradation (Supplemental Figure S2 , Supplemental Table S3 ). The biggest changes among the regulated sites were seen for the Ser464 of CABYR, the Ser236 of AKAP3 and the Ser256 of CCDC81 presenting fold changes > 2.
To assess the relationships among the U50488H-regulated phosphoproteins and KOR, we generated a network using the biological network integration platform GeneMANIA. The proposed model predominantly links proteins, which could be regulated by the U50488H with those activated downstream the Kappa-opioid receptor. As seen in Figure 2C Figure S3A and S3B) following the ligand addition. In the case of the phosphorylated substrates of PKC, U50488H resulted in an increase after both 1 and 60 minutes stimulation (p<0.01), suggesting that U50488H could participate in the modulation of the Ca 2+ / PKC signaling pathway. In contrary, we did not observed any substantial change of the overall phosphorylated substrates of PKA and MAPK at either of the time points (Supplemental Figure S3A and S3B ).
KOR regulates sperm motility and acrosome reaction in human spermatozoa
To elucidate the effect of the treatment with the KOR specific ligand on the physiology of human spermatozoa, we analyzed the role of this receptor in sperm motility, capacitation and acrosome reaction. For that purpose we treated the human spermatozoa with 1 μM of U50488H (KOR agonist) for 1 and 60 minutes. Cell viability studies using Hoechst 33258 did not show toxicity after U50488H addition of that dose at both time points (results not shown).
To unravel the function of the kappa opioid receptor in human sperm motility, we analyzed the progressive, non-progressive, immotile and hyperactive motilities following the recommendations by the WHO (13) . As it is shown in figure 3B , the percentage of the progressive (p<0.05 1 minute), nonprogressive (p<0.01 60 minutes) and hyperactive sperm (p<0.01) cells decreased at both time points, whereas the percentage of immotile cells was increased (p<0.01). In accordance to this result, U50488H
inhibited the human sperm motility at 1 and 60 minutes.
In regard to capacitation, the phosphorylation of tyrosine residues (pTyr) is one of the most important events that occur during the sperm capacitation (17), so in order to study the role of KOR in this physiological process we analyzed the effect of U50488H on the total pTyr levels. Specifically, the kappa-opioid receptor agonist did not have an effect on the levels of tyrosine phosphorylated proteins at both time points suggesting that U50488H does not induce phosphotyrosine-dependent changes during the process of human sperm capacitation ( Figure 3C ). To study the role of KOR in the human sperm acrosome reaction, after treating the samples with U50488H we incubated them with the anti-CD46 antibody linked to fluorescein isothiocyanate (FITC).
This antibody targets the inner acrosomal membrane for detecting a complete acrosome reaction, and allows analyzing the emitted fluorescence by flow cytometry. As it is observed in Figure 3D , the agonist showed no significant effect after the U50488H addition for 1 minute. However, U50488H inhibited the acrosome reaction following 60 minutes treatment (p<0.01). The progesterone was used as the positive control of the acrosome reaction.
KOR regulates hyperactive sperm motility and acrosome reaction by the modulation of calcium channels in human spermatozoa
Once we observed that U50488H provoked an increase in the phosphorylated substrates of PKC and had an inhibitory effect in the hyperactive motility and acrosome reaction, we decided to analyze deeper the calcium signaling pathway as these two physiological processes are mainly regulated by the Ca 2+ (18, 19) .
For that, we co-incubated both U50488H with different activators and inhibitors of diverse key proteins in the calcium cascade, for 1 and 60 minutes. We used the Mibefradil as a calcium channel activator, NNC55-0395 as the CatSper sperm specific calcium channel selective inhibitor and U73122 as the phospholipase C inhibitor.
Regarding the motility assays, at 1 minute treatment U50488H resulted in inhibition of the hyperactive motility being this effect persistent in all the analyzed samples (N=6) (p<0.05). As expected, the stimulation with 30 μM of Mibefradil for 1 minute, increased the percentage of hyperactive motile sperm cells (p<0.01). The co-incubation of Mibefradil with U50488H induced a statistically significant reversion of the effect as the percentage of the hyperactive spermatozoa decreased (p<0.05) ( Figure   4A ). Furthermore, 10 μM of NNC55-0395 itself, and together with U50488H had an inhibitory effect in the hyperactive motility after 1 minute stimulation (p<0.05 and p<0.01 respectively). The U73122 treatment and its co-incubation with the KOR agonist, provided similar results to the U50488H, as the 20 percentage of cells with a hyperactive motility was reduced (p<0.05) ( Figure 4A ). According to these results, KOR may have the capacity to inhibit the hyperactive motility at 1 minute by the modulation of different calcium channels in human spermatozoa. However at longer times the inhibition of the hyperactive motility would not exclusively go through the same molecular mechanisms (Supplemental Figure S4 ).
In regard to acrosome reaction studies, the stimulation of spermatozoa with Mibefradil, yielded to the activation of the acrosome exocytosis (p<0.01). After the co-incubation of U50488H and Mibefradil, the kappa-opioid agonist was able to partially blunt the acrosome reaction induced by the activator (p<0.05) ( Figure 4B ). On the other hand, although NNC55-0395 had an inhibitory effect on the acrosome reaction, which was accentuated after the co-incubation with U50488H, these changes were not statistically significant. We observed similar results with the Phospholipase C inhibitor, U73122, as the number of the acrosome reacted spermatozoa were decreased compared to the control samples (p<0.05) ( Figure 4B ). This effect was enhanced after the co-incubation of U73122 and U50488H, as we observed a greater decrease in the percentage of the acrosome reacted sperm cells (p<0.05). The progesterone was used as the positive control of the acrosome reaction ( Figure 4B ). Considering these results, the U50488H may inhibit the acrosome reaction at 60 minutes, by blocking calcium channels and PLC and would not involve other canonical and non-canonical mechanisms (Supplemental Figure   S3A and S3B).
Taking into an account that KOR might regulate the sperm physiology by the blocking of calcium channels, we then analyzed if U50488H provoked changes in the intracellular free calcium concentration. We did not detect any intracellular Ca 2+ changes in Fura-2-loaded human sperm cells after the 1 μM U50488H treatment ( Figure 4C ). As we expected, Mibefradil led to an increase in the [Ca 2+ ] i levels in the spermatozoa treated only with the solvent of U50488H (H 2 O) that was partially reverted in the presence of U50488H ( Figure 4C ). As a positive control, we added 1 μM of progesterone to the same sperm samples that caused the typical biphasic [Ca 2+ ] i response, consisting in a rapid transient peak followed by the decay of the intracellular calcium levels slightly above basal and a lower 
Discussion
Identification of novel phosphosites in human spermatozoa
Proteomic studies based on chemical labeling strategies gave rise to the identification of 5109 sperm proteins of which 5070 were quantified. Although Amaral et al (20) have presented the most complete catalogue of human sperm proteins with 6198 reported protein IDs, in the present study we have identified over the 68% of the total sperm proteome since the human spermatozoa is estimated to be composed by 7500 different proteins (20) . In regard to proteins linked to GPCR, we found proteins associated to different signaling pathways. Concretely, we identified proteins belonging to the canonical and non-canonical signaling pathways as other researchers have previously described.
GPCR activation in somatic cells mainly involves the induction of the Guanine nucleotide-binding
proteins for the subsequent activation of the canonical signaling pathways (21) . In the present study we identified via proteomics the presence of the Gα s , Gα q , Gα 12/13, Gα i , Gα o and G β isoforms in human spermatozoa. Although the characterization of Gα s and Gα q was previously reported (22, 23), we have described for the first time the existence of other isoforms in human spermatozoa suggesting that these proteins may also be involved in the regulation of different signaling pathways downstream of GPCRs in spermatozoa.
Regarding the cAMP-dependent signaling pathway, we found the sperm-specific soluble isoform of the adenylate cyclase (SACY or the adenylate cyclase type 10) whereas we did not detect the transmembrane adenylate cyclase (tmAC) in human spermatozoa by our approach. This subject has been a matter of controversy during the last twenty years as although there is one study describing a tmAC in human spermatozoa (23) (24) (25) (26) . This issue reinforces the hypothesis of different authors who suggest the involvement of the soluble form of the protein in the regulation of sperm fertility (27) .
In reference to the calcium-signaling pathway, interestingly we identified different isoforms of the phosphoinositide phospholipase C (PLC), such as delta and zeta (PLCD4 and PLCZ1, respectively), and both the calcium-dependent (alpha and delta) and independent (iota and zeta) protein kinase C (PKC), as previously has been described (28) (29) (30) . According to different reports, PKC iota and zeta could be involved in the regulation of sperm fertility via a specific signaling cascade that does not involve calcium (26) (27) (28) (29) . At the same time, we also reported by proteomic approaches the presence of different participants of the non-canonical or G-protein independent signaling pathway in human spermatozoa, like the β-arrestin, the GPCR kinases (GRKs) or the ERK1/2 (11, (31) (32) (33) .
On the other hand, our phosphoproteomic screen allowed us to uncover over 3500 phosphosites coming from 1332 proteins. The identified phosphoproteins in the present work are mainly involved in cilium and flagellum-dependent movement, nuclear pore organization or sperm-egg recognition, among other. According to this, Wang et al in 2015 (14) , previously identified 3303 phosphosites belonging to 965 proteins. Comparing our data with the largest description of the sperm phosphoproteome reported so far (14) , we found 2692 novel phosphosites being 835 common in both studies. From these 2692 phosphosites, 535 were previously reported in humans in the PhosphoSitePlus database. Taking all these into account, it is worth highlighting that the present study contains the total of 2157 previously not reported phosphosites in humans and specifically in human spermatozoa.
U50448H-induced changes in the phosphoproteome of human spermatozoa
In order to understand the initial steps of the signaling cascades stimulated by KOR, sperm samples were treated with a KOR selective-agonist U50488H (34) for 1 minute. Our quantitative phosphoproteomic analyses showed decrease in the phosphorylation levels of four proteins, CBY3, TMEM190, SLCO1B3 and AKAP3, after treatment. Currently, no attributable function has been determined for CBY3, TMEM190 and SLCO3. However, AKAP3 is a scaffold protein, synthesized in round sperm cells and involved in the formation of the basic structure of the fibrous sheath (35). It is localized in the main segments of the sperm flagella and the acrosome region of sperm heads, and different studies have suggested its involvement in the regulation of sperm motility, capacitation and acrosome reaction acting as a scaffold protein that assembles multiprotein signal complexes (35, 36) . Although AKAP3 is known to be tyrosine phosphorylated during human sperm capacitation, the agonist showed to decrease the phosphorylation levels of AKAP3 in the Ser612, a phosphosite previously described by Ficarro et al (37) . In 2004, Rieger-Chu et al (38) reported the co-expression of both KOR and AKAP3 in different cell systems, which suggest that AKAP3 could be involved in different molecular processes induced by KOR in human spermatozoa.
Due to the fact that spermatozoa are transcriptionally and translationally inactive (20, 39, 40) , we also aimed to elucidate the signaling pathways underlying KOR activation at longer time point, 60 minutes.
Interestingly, U50488H induced changes in the phosphorylation levels of 29 phosphosites, belonging to 20 different proteins of which 13 of them are sperm-specific. Among the identified phosphosites we considered 19 as novel, as there are no previous studies describing their presence.
The KOR specific-agonist changed the phosphorylation levels of novel phosphosites belonging to different proteins such as CABYR, AKAP3 and AKAP4 that have different localization within the cell ( Figure 2D ). AKAPs family is one of the main components of sperm fibrous sheath, and it is involved in sperm fertility by sequestering PKA as it has a putative motif for binding cAMP-dependent protein kinase A (RIIa) (16, 36) . In fact, this protein family may serve as a platform for the integration of cAMP and other signaling pathways by the binding with other protein kinases, protein phosphatases, ion channels and small GTP binding proteins (41) . This is consistent with the fact that AKAP4 is an ERK1/2 substrate and serves as a regulator between the cAMP/PKA and the PKC/ERK1/2 signaling pathways in human spermatozoa to regulate capacitation and acrosome reaction (42) . Concretely, these researchers described that ERK2 is the responsible of the in vitro phosphorylation of the Thr265 of AKAP4, which in our study presents a decrease in the phosphorylation levels after the ligand addition for 60 minutes.
This suggests that AKAP4 could be related to the PKC/ERK1/2 signaling pathway downstream KOR. In fact, we observed that U50488H induced an increase in the phosphorylated substrates of PKC at both time points. AKAP3 is another component of the AKAPs family, which displayed changes in the phosphorylation level at a specific phosphosite at 60 minutes U50488H treatment. As already mentioned, there are evidences supporting the coexpression of both KOR and AKAP3 in humans (38) , suggesting that in human spermatozoa this GPCR could have a regulatory function in the phosphorylation of the anchoring protein.
On the other hand, there are evidences proving the interaction and coexpression of AKAP3 and CABYR in human spermatozoa (43, 44) . CABYR is localized throughout the entire length of the midpiece and acts as an important component belonging to the calcium-signaling pathway during the hyperactivation and capacitation. Interestingly, CABYR possesses putative motifs for self-assembly and for binding RIIa and AKAPs (43) , and its dephosphorylation abolishes its capacity to bind to calcium (45) .
As mentioned before, different studies suggest the role of AKAPs serving as a scaffold for integrating cAMP/PKA, Rho and calcium signaling (41) reinforcing that AKAP3 and CABYR could be the linkers between different transduction cascades.
Associated to this, the KOR agonist did not have effect in the phosphorylated substrates of PKA at both time points. In somatic cells, the PKA is activated by the cAMP second messenger (46) which is usually synthetized by the tmAC (47) . In human spermatozoa, however, the cAMP is mainly synthetized by SACY activated by HCO 3 - (48, 49) . Functional analyses using tmAC and SACY inhibitors also revealed that the KOR-induced acrosome reaction inhibition is not dependent of both enzymes. This is consistent with the fact that many GPCR ligands fail to increase the cAMP levels suggesting that GPCRs do not stimulate the PKA signaling via the typical transduction pathway in human spermatozoa (50) . Moreover, the presence of the tmAC in human spermatozoa is still under doubt since forskolin activation does not involve an increase of cAMP levels (25) (26) (27) . Although several studies have described the presence of tmAC in mouse spermatozoa (51, 52), we did not succeed in the identification of the tmAC in our proteomic analyses and its presence in human spermatozoa is not reported yet (24, 25, 50) .
Regarding the non-canonical signaling pathways, U50488H did not show any effect on the phosphorylated substrates of MAPK at both time points. Although the opioids have been described to promote activation of the MAPK signaling pathway in different cell systems (53, 54) the KOR selectiveagonist did not activate this cascade at the selected time of stimulation. It is well studied that the noncanonical signaling pathway involves the GPCR phosphorylation mediated by GRKs to promote the by guest on March 1, 2019 http://www.mcponline.org/ Downloaded from receptor desensitization and internalization with the support of β-arrestin protein family (55, 56) . This proteins act as scaffolds activating the MAPKs (55, 56) and recruiting the cAMP phosphodiesterases into a complex with the activated receptor, where they are placed to degrade cAMP (57) . Functional studies using U50488H together with GRKs and phosphodiesterases inhibitors fail to induce significant changes in the acrosome reaction suggesting that KOR does not activate the non-canonical transductionsignaling pathway in human spermatozoa.
Although our phosphoproteomics data did not result in a direct signaling pathway downstream KOR, we discovered that the most of the proteins having U50488H-regulated phosphosites were related to each other and could be connected indirectly with KOR signaling. ODF1 and 2 are sperm cytoskeletal structures that surround the axoneme in the midpiece and principal piece of sperm tail (58, 59) and their co-expression with KOR has been previously described in cancer (60) . The CCDC family (CCDC81, CCDC136 and CCDC18) comprises the main components of the sperm centrosomes (61) and the FSIP2 is a component of the fibrous sheath (35). All these proteins compose the fibrous sheath in human spermatozoa and may be involved in the regulation of the sperm fertility, as the sperm motility.
Finally, the opioid system is known to be involved in regulating carbohydrate metabolism and immune system functions in the periphery (62, 63) . This is consistent with the phosphorylation changes we observe in the metabolic enzymes like PGK1 and PGK2, which are implicated in an important step of the glycolysis (64) , and hence in sperm fertility (65) .
Although there are numerous papers describing the involvement of these proteins in the sperm function, we have not found studies describing the role of the different phosphorylations in none of the proteins. Therefore, further studies are needed to have a better comprehension of the implication of these phosphorylation events in sperm physiology. 
KOR regulates human sperm fertility by inhibiting the hyperactive motility and acrosome reaction through phosphorylation changes in sperm-specific proteins
Classically, the agonist stimulation of the opioid receptors can inhibit the cyclic adenosine monophosphate (cAMP) production (66), modulate the calcium and potassium channels (66) and recruit alternate signal transduction cascades like the MAPKs (67) . Although, opioid receptors are known to be critical in the modulation of pain behavior and antinociception in the central nervous system (63) , their presence in human spermatozoa (12) has leaded us to think that may have an important function in the regulation of sperm fertility. In this paper we describe for the first time the role of KOR in the hyperactive motility and acrosome reaction in human spermatozoa, via changes in the phosphorylation of sperm-specific proteins.
Taking into account the phosphoproteomic data and the functional studies, we suggested that at short exposure times the agonist is able to regulate the human sperm hyperactive motility mainly through the calcium ion channel modulation and fast responses. At the same time, the ligand could induce phosphorylation changes in few proteins like AKAP3, which could be involved in the first steps of the inhibition of sperm motility. It is known that, AKAPs are anchor cAMP-dependent protein kinases (PKAs)
presented in different subcellular regions where they phosphorylate nearby proteins in response to cAMP signaling and often form complexes with other components of different signaling pathways (16, 41) . In human sperm cells AKAPs family may be a link to calcium signaling pathway as they have the capacity to bind to proteins like CABYR and connect to PKC pathway to regulate sperm fertility (42, 45) . This is consistent with our results at longer exposures times, in which KOR activation induces changes in the phosphorylation of PKC substrates, in sperm-specific proteins such as AKAP3, AKAP4 and CABYR and other sperm-specific proteins involved in sperm motility and acrosome reaction like ODFs, FSIP2 and CCDCs necessary to provoke the physiological effect by U50488H ( Figure 2D ). 
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